Corticotropin-releasing factor (CRF)-related peptides serve as hormones and neuromodulators of the stress response and play a role in affective disorders. These peptides are known to alter complex behaviors and neuronal properties, but their receptor-mediated effects at CNS synapses are not well described. Here we show that excitatory glutamatergic transmission is modulated by two endogenous CRFrelated peptide ligands, corticotropin-releasing factor [CRF rat/human (r/h)] and Urocortin I (Ucn I), within the central nucleus of the amygdala (CeA) and the lateral septum mediolateral nucleus (LSMLN). These limbic nuclei are reciprocally innervated, are involved in stress and affective disorders, and have high densities of the CRF receptors CRF 1 and CRF 2 . Activation of these receptors exerts diametrically opposed actions on glutamatergic transmission in these nuclei. In the CeA, CRF(r/h) depressed excitatory glutamatergic transmission through a CRF 1 -mediated postsynaptic action, whereas Ucn I facilitated synaptic responses through presynaptic and postsynaptic CRF 2 -mediated mechanisms. Conversely, in the LSMLN, CRF caused a CRF 1 -mediated facilitation of glutamatergic transmission via postsynaptic mechanisms, whereas Ucn I depressed EPSCs by postsynaptic and presynaptic CRF 2 -mediated actions. Furthermore, antagonists of these receptors also affected glutamatergic neurotransmission, indicating that endogenous ligands tonically modulated synoptic activity at these synapses.
Introduction
Corticotropin-releasing factor (CRF), a 41 amino acid peptide purified and characterized initially by Vale et al. (1981) , plays a major role in coordinating endocrine, autonomic, and behavioral responses to stress (Vale et al., 1981; Dunn and Berridge, 1990; Bale and Vale, 2004) . CRF and its peptide family ("CRFrelated peptides") are also implicated in the pathophysiology of affective disorders (Steckler and Holsboer, 1999) such as anxiety and depression. Several known mammalian [CRF, Urocortin I (Ucn I), Ucn II, and Ucn III (these latter two having human homologs identified as stresscopin-related peptide and stresscopin, respectively; (Hsu and Hsueh, 2001 )], and nonmammalian peptides are members of this family (Dautzenberg and Hauger, 2002) . CRF-related peptide actions are mediated through two different G-protein-coupled receptors (GPCRs), CRF 1 and CRF 2 (Hauger et al., 2003) , and are associated with multiple signaling pathways (Grammatopoulos et al., 2001; Blank et al., 2003) .
CRF-related peptides serve as hormones and regulators of pituitary function within the hypothalamic pituitary axis (HPA) but also are synthesized and released in specific brain areas outside the HPA (Swanson et al., 1983) . Müller et al. (2003) demonstrated a non-HPA role for these peptides and their receptors in anxiety and stress using conditional CRF 1 -receptor knock-out animals. CRF-related peptides also regulate various behaviors as neurotransmitters or neuromodulators (Valentino, 1989; Owens and Nemeroff, 1993) outside the HPA; however, the roles of these peptides and their receptors in CNS synaptic transmission have not been thoroughly investigated.
The central nucleus of the amygdala (CeA) and lateral septum mediolateral nucleus (LSMLN) are two limbic nuclei exhibiting high densities for CRF 1 and CRF 2 , respectively (Chalmers et al., 1995; Li et al., 2002) . The CeA, a major output nucleus of the amygdala complex, plays an essential role in anxiety, memory, stress, schizophrenia, and emotional reward circuitry (Aggleton, 1992; Shinnick-Gallagher et al., 2003) . Similar to the CeA, the lateral septum is implicated in various normal and abnormal behaviors, including fear, memory, food and water intake, anxiety, emotions, reward and addiction, schizophrenia, and stress (Numan, 2000) . These two limbic nuclei comprise a direct and reciprocal neuronal circuit (Jakab and Leranth, 1995) involved in fear, stress, reward, and emotionality.
CRF influences neuronal properties. The slow afterhyperpolarizing potential (Aldenhoff et al., 1983; Rainnie et al., 1992; Fox and Gruol, 1993; Smith and Dudek, 1994 ) is inhibited by CRF, an effect that would augment excitability. CRF also enhances R-type voltage-gated calcium channels in rat CeA neurons (Yu and Shinnick-Gallagher, 1998) , suggesting a role in neurotransmission. Furthermore, excitatory glutamatergic transmission is potentiated via a CRF 2 modulation of NMDA transmission; this effect is dependent on CRF-binding protein in mouse ventral tegmental neurons (Ungless et al., 2003) . Multiple studies also implicate a role for CRF in long-term potentiation (Wang et al., 2000; Bishop, 2002; Blank et al., 2002) and long-term depression (Miyata et al., 1999) and suggest that different intracellular signaling pathways may be responsible for the long-term effects.
The purpose of this study was to use selective pharmacological probes to determine the functional roles of CRF-related peptides at glutamatergic synapses of limbic nuclei known to express CRF 1 and CRF 2 receptors.
Materials and Methods
Animals and tissue collection. Brain slices containing the CeA or LSMLN were prepared from the same animals. Male rats (Sprague Dawley, 100 -250 gm; Harlan, Indianapolis, IN) were used to examine the actions of CRF-related peptides on individual neurons while monitoring evoked EPSCs and miniature EPSCs (mEPSCs) in the CeA and lateral LSMLN (Neugebauer et al., 2000; Yu et al., 2002) . Rats were decapitated and the brain rapidly removed and immersed in a cold (ϳ5°C) artificial CSF (ACSF) solution that was bubbled continuously with 95% O 2 /5% CO 2 to maintain proper pH (7.3-7.4 ). The composition of this control ACSF is (in mM): 117 NaCl, 3.5 KCl, 1.2 NaH 2 PO 4 , 2.5 CaCl 2 , 25 NaHCO 3 , and 11.5 glucose. To generate septal slices, an isolated brain was quickly blocked initially to transverse sections ϳ5 mm thick, with the caudal edge at the level of the optic chiasm. A second 5-mm-thick block of tissue was cut from the more caudal aspect of the same brain to generate brain slices containing the amygdaloid complex. Each frontal and caudal 5 mm block of tissue was then glued to the specimen holder in a Vibroslice chamber, and individual 500-m-thick slices containing the appropriate nuclei from the same rat were sectioned ( Fig. 1 ) and transferred to individual recording chambers maintained at 32 Ϯ 2°C.
Whole-cell patch-clamp recording. Whole-cell recordings were obtained from either the amygdala (Neugebauer et al., 2000) or septal (Yu et al., 2002) slice preparations. Patch electrodes had tip resistances of 3-5 M⍀ when filled with an internal solution containing (in mM): 122 K-gluconate, 5 NaCl, 0.3 CaCl 2 , 2 MgCl 2 , 1 EGTA, 10 HEPES, 5 Na 2 -ATP, 0.4 Na 3 -GTP adjusted to pH 7.2-7.3 with KOH and to osmolarity of 280 mmol/kg with sucrose.
Evoked EPSCs and mEPSCs. Afferent inputs to the respective nuclei were stimulated via a bipolar stimulating electrode (SNE-100, Kopf Instruments) placed in ventral amygdala (VAP) (Fig. 1 , left top, Stim 1) and the basolateral amygdala (BLA) (Fig. 1 , left, Stim 2) pathways while we recorded from the lateral capsular region of the CeA, and in the ipsilateral ventral aspect of the LSMLN while we recorded from the LSMLN (Fig. 1, right, Stim) . Stimulus parameters were adjusted to yield consistent responses, e.g., 150 sec duration and 1-25 V intensity at a frequency of 0.1-0.25 Hz. For evaluation of drug effects on EPSCs, stimulus intensities were adjusted to one-half of threshold for orthodromic spike generation. In all experiments in which EPSC data were reported, brain slices were superfused with a mixture of picrotoxin, bicuculline methiodide, and CGP55845 added to the normal ACSF. In the paired-pulse paradigm, the first response (EPSC1) and the second, or test, response (EPSC2) were elicited in septal afferents at intervals of 35-200 msec. The amplitude of the tail of the first EPSC at the initiation of the second EPSC was subtracted, and the ratio of facilitation was calculated according to the following formula: (EPSC2/EPSC1). The ratio of facilitation was plotted as a function of the interstimulus interval for control brain slices and after treatment with CRF-related peptides. Evoked currents were acquired and analyzed using pClamp, version 9.1 software. Measurements were collected with an Axoclamp-2A amplifier at a switching frequency of 5-6 kHz (30% duty cycle), gain of 3-8 nA/ mV, and time constant of 20 msec. Phase shift and anti-alias filter were optimized. Headstage voltage was monitored on a separate oscilloscope to ensure optimum performance of the amplifier. mEPSC activity was analyzed off-line using Synaptosoft software; the miniature events were defined as amplitude above a preset baselinenoise level (5 pA) and reviewed visually by the investigator before analyses.
Drug application. Pharmacological sensitivity and drug testing were conducted by superfusion with known concentrations of substances until equilibrium concentrations were established (minimum 10 min). After the drug superfusion was discontinued, the return of the electrophysiological parameters under study to control levels was taken as evidence of recovery. To control for possible cumulative effects of a series of drug applications, a random "Latin square design" was used to generate all of the concentration-response curves. In addition, an interval of 20 min was established to minimize any effects of a previous drug exposure. Whenever technically possible, a complete concentration-response curve was collected from a single neuron in a single slice. In those slices in which a neuron could not be maintained for the time required to collect five different concentrations points (5 ϫ 10 min for control plus 5 ϫ 10 min for drug treatment plus 5 ϫ 20 min for washout period, total ϭ 200 min), each and all points were pooled to provide the data presented. In most cases only a single concentration could be obtained from a single slice. CRF [rat/human CRF(r/h)], [Ucn I(rat)], ␣-helical CRF (9 -41) , picrotoxin, bicu- Analysis of data. Experiments were conducted using a paired protocol, i.e., each neuron served as its own control before and subsequent to drug exposure. In analyzing EPSCs, n refers to the number of neurons from which a minimum of 10 EPSCs were sampled, averaged, and compared in control solutions. Drug effects were determined statistically using a paired t test with a level of p Յ 0.05 required for significance.
Statistical significance at the level of p Յ 0.05 was determined with a Kolmogorov-Smirnov (K-S) test when analyzing mEPSC events. The K-S statistic tested the hypothesis that two data sets were drawn from the same distribution. The test relied on the fact that the value of the sampled cumulative density function was asymptotically normally distributed. mEPSCs were collected over a 20 min period (control) before and after application of CRF(r/h) or Ucn I. Each collection period provided a sample size (number of individual mEPSC events) of Ͼ750 events. The total number of events in a sample determined the maximal cumulative fraction (1.0), whereas events of comparable size or frequency were designated as fractions of their cumulative maximum. Averaged values were given as the mean Ϯ SEM.
Results

CRF-related peptides lack direct membrane effects
We initially compared the actions of CRF(r/h) and Ucn I(rat) within the CeA and LSMLN. Under our recording conditions, neither CRF(r/h) nor Ucn I (5-250 nM) affected resting membrane potential [Ϫ59 Ϯ 0.5 mV in CeA (n ϭ 59); Ϫ58 Ϯ 0.5 mV in LSMLN (n ϭ 49)] or input resistance [105 Ϯ 5.1 M⍀ in CeA (n ϭ 40); 198 Ϯ 18.5 M⍀ in LSMLN (n ϭ 45)] significantly or consistently in neurons recorded from either CeA (n ϭ 78; 42 with CRF and 36 with Ucn I) or LSMLN (n ϭ 59; 28 with CRF and 31 with Ucn I) nuclei. These data suggested that these ligands did not have direct membrane actions within these nuclei at the concentrations and recording conditions used in this in vitro study.
Excitatory transmission within the CeA and LSMLN synapses is glutamatergic
Most of the fast excitatory transmission within the mammalian CNS is mediated by glutamate acting at ionotropic receptors. We used a typical pharmacological mixture, DNQX and D-APV, after blocking inhibitory transmission with GABA A (bicuculline methiodide and picrotoxin), and GABA B (CGP55845) antagonists to demonstrate that excitatory transmission at the CeA (n ϭ 66) and LSMLN (n ϭ 49) synapses is glutamatergic and mediated by activation of AMPA-kainate and NMDA receptors (Fig. 2) . In all subsequent experiments in which EPSC data were reported, brain slices were superfused with a mixture of picrotoxin, bicuculline methiodide, and CGP55845 added to the normal ACSF.
CRF-related peptides depress and facilitate evoked excitatory transmission
In the CeA, two different synapses were analyzed by activation of the VAP-and BLA-CeA pathways. In the CeA, CRF(r/h) (n ϭ 36) (Fig. 3A ) depressed whereas Ucn I (n ϭ 30) (Fig. 3B ) facilitated excitatory synaptic transmission at both synapses. As noted above (Fig. 2) , monosynaptic EPSCs were isolated by the presence of a pharmacological mixture consisting of bicuculline methiodide, picrotoxin, and CGP55845. The EPSC depressant action of CRF(r/h) occurred with an identical efficacy (maximum depression to 30% of control) and potency (IC 50 Х 0.32 nM; n ϭ 18) at each synapse. On the other hand, Ucn I caused an initial modest concentration-dependent depression and then facilitated EPSCs at each synapse, but with a slight difference in efficacy and potency.
CRF receptors mediating depression or facilitation of EPSCs in the CeA
To identify receptors underlying the actions of these CRF-related peptide ligands, we tested several CRF receptor antagonists. Surprisingly, application of two synthetic nonpeptide antagonists, NBI 27914 (McCarthy et al., 1999) , which is selective for CRF 1 , and antalarmin, which is selective for CRF 1 Ͼ Ͼ CRF 2 (Webster et al., 1996) , resulted in facilitation of EPSC amplitudes (Fig. 4 A) (ranging from 125 Ϯ 5 to 155 Ϯ 5%; n ϭ 5) in the absence of exogenous CRF(r/h) or Ucn I at both CeA synapses. This finding suggested a tonic, endogenous, possibly constitutive activation of CRF 1 receptors to allow persistent CRF 1 -mediated dampening of excitatory transmission. Others have suggested that constitutively active synaptic signaling could be a form of activitydependent plasticity: "metaplasticity" (Abraham and Bear, 1996) or "priming" (Blank et al., 2002) . We considered this tonic effect at CRF receptors to be a modulation in (1) metabolically dependent signaling processes, e.g., multiple second messenger cascades altered by kinases, phosphatases, etc., or a modulation in (2) the frequency or amplitude of glutamate-mediated miniature synaptic currents, or both. "Tonic" effects were distinguished from "phasic" effects. The latter would represent temporary or "on-demand" changes in endogenous ligand concentrations or after exogenous application of CRF-related peptide ligands and would induce a facilitation or depression of EPSCs.
Blocking CRF 1 resulted in enhanced excitatory transmission caused perhaps by a tonic facilitation of excitatory glutamatergic transmission by CRF 2 or depression by CRF 1 in the amygdala, or both. This notion was supported by experiments showing that peptide antagonists with affinities for CRF 2 Ͼ CRF 1 resulted in depression of EPSC amplitudes (Fig. 4 B) (ranging from 45 Ϯ 6 to 76 Ϯ 9% of control; n ϭ 5) when applied alone. In general, ␣-helical-CRF (9 -41) tends to exhibit an affinity for CRF 2 Ͼ CRF 1 , whereas astressin has an almost equivalent affinity for CRF 2 Х CRF 1 (Dautzenberg et al., 2001 ). The depressant effects on excitatory glutamatergic transmission observed with the mixed an- tagonist ␣-helical CRF (9 -41) would be expected for a CRF 2 -preferring antagonist blocking a tonically activated CRF 2 receptor. Ast 2 -B, a selective CRF 2 antagonist (Rivier et al., 2002; J. Rivier, personal communication) , itself depressed basal EPSC amplitude significantly in the CeA when administered alone (Fig. 4C) . This result was similar to those observed with other CRF-related peptide receptor antagonists, e.g., NBI 27914, antalarmin, ␣-helical-CRF (9 -41) , and astressin. Ast 2 -B was more effective at unmasking a CRF 1 -mediated depression in the VAP-CeA versus the BLA-CeA synapse. The depressant effect of CRF(r/h) on excitatory transmission in both CeA pathways was blocked completely by NBI 27914 (Fig. 4 E) , whereas facilitation induced by Ucn I was not affected (Fig. 4 E) . These data suggested that CRF 1 and CRF 2 generate and mediate a negative and positive tone, respectively, on excitatory glutamatergic transmission in the CeA.
Newer, more selective endogenous agonists, urocortin II and urocortin III, for CRF 2 receptors were identified in rodents and humans ). Similar to Ucn I (Fig. 3B) , Ucn II (100 nM) (Fig. 4 D) facilitated EPSCs in the VAP-CeA pathway, but in contrast to Ucn I, Ucn II depressed EPSC amplitude at the BLA-CeA synapse (Fig. 4 D) . The selective CRF 2 antagonist, Ast 2 -B, blocked completely the Ucn II-induced facilitation of EPSCs at the VAP-CeA pathway and also the depression by Ucn II measured at the BLA-CeA synapse (Fig. 4, compare E, D) .
Receptors for CRF-related peptides and their facilitation or depression of EPSCs in the LSMLN
In contrast to the CeA (Figs. 3 A, B , and 4 vs 3C,D and 5), CRF(r/h) facilitated whereas Ucn I depressed EPSC amplitude at LSMLN synapses. Within the LSMLN, CRF(r/h) caused a concentration-dependent facilitation of excitatory transmission, especially at higher concentrations (10 -200 nM; EC 50 Х 15 nM; n ϭ 23) (Fig. 3C) . In contrast, Ucn I (IC 50 Х 13 nM; n ϭ 26) depressed EPSC amplitude over the similar concentration range (Fig. 3D) . These results in the LSMLN are opposite those in the CeA.
On the other hand (as in the CeA), antagonists of CRF-related peptides within the LSMLN unmasked tonic activation of CRF receptors. The selective CRF 1 antagonist, NBI 27914, resulted in depression of EPSCs and blocked CRF-induced facilitation of EPSC amplitude (Fig. 5A, middle,  D) . In contrast, the Ucn I-induced depres- (astressin, , and astressin 2 -B) antagonists observed at two CeA excitatory glutamatergic synapses. A, At VAP-and BLA-CeA synapses, NBI 27914 (100 nM) and antalarmin (100 nM) resulted in facilitation of EPSCs. B, Astressin(100 nM) and ␣-helical CRF (9 -41) (1 M) depressed EPSC amplitude. C, Astressin 2 -B (100 nM), a selective CRF 2 antagonist, depressed EPSCs more effectively in the VAPcompared with the BLA-CeA synapse. Note also a greater degree of depression in the VAP-CeA compared with the BLA-CeA (A-C). D, Ucn II (100 nM), a selective CRF 2 agonist, facilitated VAP-CeA, whereas it depressed BLA-CeA EPSCs. E, After 10 min pretreatment with NBI 27914 (100 nM) and in its continued presence, NBI 27914 blocked the depressant action of CRF(r/h) (50 nM) at both synapses but did not affect facilitation by Ucn I at either synapse. Similar treatment with astressin 2 -B (100 nM) blocked the facilitation by Ucn II (100 nM) at the VAP-CeA and also blocked Ucn II (100 nM) depression of EPSCs at the BLA-CeA synapse.
sion of EPSC amplitude (Fig. 5A, bottom,  D) was not altered by NBI 27914, suggesting that NBI 27914 released a tonic CRF 2 -mediated depression of EPSCs within the LSMLN.
A new and highly selective CRF 1 peptide agonist, stressin 1 (100 nM) ; J. Rivier, personal communication), facilitated LSMLN EPSCs (Fig. 5B) to the same extent (167 Ϯ 15%) (Fig. 5E ) as a comparable concentration of 100 nM CRF(r/h) (Fig. 3C) . The selective peptide CRF 2 antagonist (Rivier et al., 2002) , Ast 2 -B (100 nM) (Fig. 5C , top and bottom, E), enhanced EPSC amplitude, whereas it did not block the facilitatory action of CRF(r/h) on excitatory glutamatergic transmission (Fig. 5C, top, E) . In contrast, the depressant effect of Ucn I on excitatory glutamatergic transmission was blocked completely by Ast 2 -B (Fig. 5C, bottom, E) , and a facilitatory action of Ucn I on EPSCs in LSMLN neurons was unmasked (Fig.  5C , bottom, E). Furthermore, astressin, which has an almost equivalent affinity at CRF 2 Х CRF 1 (Dautzenberg et al., 2001 ), had little effect on the EPSC amplitude (94.5 Ϯ 4.5%; n ϭ 6; p Ͼ 0.05) in the LSMLN compared with control. These data support the hypothesis that the facilitating action of CRF(r/h) at excitatory glutamatergic synapses within the LSMLN may be mediated by a CRF 1 receptor, whereas the Ucn I depressant action may be mediated through a CRF 2 receptor.
The availability and use of different antagonists provided results that emphasize the complex distribution of these receptors within the LSMLN and CeA. Because Ucn II has no affinity for the CRF-binding protein , it is unlikely that CRF 2 requires the CRF-binding protein for activation in either CeA or LSMLN neurons.
CRFs affect mEPSCs
To examine the presynaptic versus postsynaptic site of action of the endogenous ligands CRF(r/h) and Ucn I, we recorded their effects on the frequency of spontaneous mEPSCs, an indicator of presynaptic action, and amplitude, a gauge of postsynaptic action. mEPSCs were measured in the presence of picrotoxin (50 M), bicuculline (10 M), CGP55845 (2 M), and tetrodotoxin (1 M) in standard extracellular solution to block GABA A -GABA B receptor activity and voltage-dependent sodium channels, respectively.
mEPSCs in the CeA
Because the CeA contains CRF neurons, CRF autoreceptors may be present and innervated by CRF terminals from intrinsic CRF cell bodies (Harrigan et al., 1994) . Figure 6 , B and D, represents normalized cumulative amplitude and interevent interval distribution curves for a control and either a CRF-or an Ucn I-treated neuron recorded from the CeA. In the presence of CRF(r/h) (50 nM), both curves were shifted to the left, i.e., CRF depressed the amplitude while increasing the frequency (decreasing the interevent interval) of mEPSCs compared with control. CRF(r/h) decreased significantly the mean mEPSC amplitude from 17.4 Ϯ 0.4 to 14.5 Ϯ 0.2 pA ( p Ͻ 0.01; n ϭ 6), whereas the frequency was increased significantly from 3.9 to 4.7 mEPSCs per second (a decreased interevent interval from 256 Ϯ 11 msec in control to 215 Ϯ 8 msec with CRF). Ucn I (200 nM), on the other hand, significantly increased the amplitude of mEPSCs from 18.6 Ϯ 0.3 to 21.6 Ϯ 0.2 pA ( p Ͻ 0.01; n ϭ 6), shown as a shift to the right in Figure 6 D. Similar to CRF, but exerting a more robust effect, Ucn I shifted the normalized cumulative interevent interval distribution curve to the left (Fig. 6 D) , with an average increased mEPSC frequency from 4.5 to 12.3 mEPSCs per second (a decreased interevent interval from 220 Ϯ 11 msec in control to 81 Ϯ 2 msec with Ucn I). These effects of CRF and Ucn on mEPSCs were summarized in Figure 8 (bottom left). We have assigned the CRF increase in mEPSC frequency to a CRF 2 -rather than a CRF 1 -mediated action on the basis of our data with evoked EPSCs and CRF receptor selective antagonists (Fig. 4) . CRF(r/h) effects on mEPSC amplitude and frequency in the CeA suggested that its postsynaptic depressant action prevailed over a presynaptic facilitatory action when the effects of CRF on evoked EPSCs were compared (Figs. 3A, 8 , bottom left). Because both CRF 1 and CRF 2 receptor activation may occur postsynaptically, preferential activation of one or the other postsynaptic receptor in conjunction with activation of the presynaptic CRF 2 receptor would result in depression (CRF 1 ) or facilitation (CRF 2 ), respectively (Fig. 8) .
mEPSCs in the LSMLN
In the LSMLN, CRF(r/h) (50 nM) produced a statistically significant increase in the amplitude (Fig. 7A ) (mean amplitude in- Figure 5 . CRF 1 and CRF 2 receptor activation tonically regulate EPSC amplitude in the LSMLN. A, Top, CRF(r/h, 50 nM) facilitated whereas Ucn I (100 nM) depressed LSMLN EPSCs. Middle, NBI 27914 (100 nM) resulted in depression of baseline EPSCs and prevented a 50 nM CRF-induced facilitation. Bottom, NBI 27914 (100 nM) resulted in depression of EPSC and further added to the Ucn I (100 nM)-induced depression. B, Selective CRF 1 agonist, stressin 1 (100 nM), similar to CRF(r/h) (50 nM) (A, top left), facilitated EPSC. C, Top, Ast 2 -B(100 nM) resulted in facilitated EPSC, whereas in its presence CRF(r/h) (50 nM) further enhanced the EPSC. Bottom, Ast 2 -B (100 nM) resulted in EPSC facilitation, whereas in its presence Ucn I (100 nM) now facilitated, rather than depressed, the EPSC. D, Graphic summary of effects of NBI (100 nM), CRF(r/h) (50 nM), and Ucn I (100 nM) on LSMLN EPSCs, and NBI (100 nM) block of CRF(r/h) (50 nM) facilitation, but not Ucn I (100 nM) depression. E, Graphic summary of EPSC facilitation by stressin 1 (100 nM; CRF 1 agonist) and Ast 2 -B (100 nM; CRF 2 antagonist). Ast 2 -B (100 nM) did not block facilitation by CRF(r/h) (50 nM), whereas Ast 2 -B reversed Ucn I (50 nM) depression to facilitation.
creased from 17.0 Ϯ 0.5 to 30.1 Ϯ 0.9 pA; p Ͻ 0.01; n ϭ 5) without affecting the frequency of mEPSCs (the mean interevent interval was 297 Ϯ 14.7 msec in control and 310 Ϯ 15.2 msec in CRF-treated neurons; p Ͼ 0.05; n ϭ 5). On the other hand, Ucn I (200 nM) caused a significant depression of both amplitude and frequency of mEPSCs (Fig. 7C) . The mean amplitude was larger in control (19.9 Ϯ 0.5 pA) compared with Ucn I (14.6 Ϯ 0.6 pA; n ϭ 6; p Ͻ 0.01). Furthermore, the mean interevent interval with Ucn I was longer (from 352 Ϯ 25.3 to 991 Ϯ 62.3 msec; n ϭ 6; p Ͻ 0.01; mean frequency decreased from 2.8 to 1.0 mEPSCs per second). Figure 7 , B and D, represents normalized cumulative amplitude and interevent distribution curves for a control and either CRF-or Ucn I-treated LSMLN neurons. These mEPSCs results were summarized and interpreted in Figure 8 , bottom right.
To confirm a solely postsynaptic action for CRF in the LSMLN, we conducted paired-pulse facilitation (PPF) experiments, used as an indicator of a presynaptic locus of action, and monitored the ratio of the amplitudes of the second to the first of a pair of evoked EPSCs. CRF did not affect PPF in the LSMLN. These PPF data suggested only a postsynaptic action for CRF in the LSMLN and supported our findings of a lack of effect of CRF on mEPSC frequency (Figure 7 A, B) : after Ucn I at 35 msec, 1.6 Ϯ 0.16 versus 1.9 Ϯ 0.10; at 50 msec, 1.3 Ϯ 0.12 versus 1.5 Ϯ 0.08; and at 150 msec, 1.3 Ϯ 0.12 versus 1.5 Ϯ 0.08, respectively ( p Ͻ 0.05 at each of these stimulus intervals). Ucn I enhanced PPF (Fig.  7F ) , indicating a presynaptic inhibitory action because treatments decreasing transmitter release increase PPF (Katz and Miledi, 1968; Manabe et al., 1993) ; these data supported our findings (Fig. 7C,D) of a reduced mEPSC frequency in the LSMLN. Our mEPSC and PPF data indicated the presence of CRF 2 receptors on the glutamatergic terminals, similar to our previous data for the CeA. In the LSMLN, however, the presynaptic CRF 2 was inhibitory, whereas in the CeA, the presynaptic CRF 2 was facilitatory. These presynaptic CRF 2 inhibitory receptors could be localized on CeA afferents to the LSMLN.
Discussion
The primary findings of this study are as follows: (1) in the CeA, CRF(r/h) depressed excitatory glutamatergic transmission through a CRF 1 -mediated postsynaptic action, whereas Ucn I facilitated EPSCs via postsynaptic and presynaptic facilitatory CRF 2 -mediated mechanisms; (2) conversely, in the LSMLN, CRF caused a CRF 1 -mediated facilitation of excitatory glutamatergic transmission via postsynaptic mechanisms, whereas Ucn I depressed EPSCs via postsynaptic and presynaptic CRF 2 -mediated mechanisms; and (3) endogenous ligands for these receptors tonically and phasically affect excitatory glutamatergic transmission in the CeA and LSMLN. These data provided evidence that CRFrelated peptides function endogenously in neuronal circuits outside the HPA where they activate local synaptic receptors to modulate excitatory glutamatergic transmission.
Two endogenous ligands, CRF(r/h) and Ucn I, each bind to both CRF 1 and CRF 2 receptors. In general, when Ucn I is compared with CRF(r/h) at either CRF 1 or CRF 2 receptors, Ucn I is more potent (Hauger et al., 2003) . Furthermore, Ucn I is also more potent (Vaughan et al., 1995) in releasing ACTH from anterior pituitary corticotropes, a CRF 1 -mediated response. On the other hand, in a different functional assay, CRF(r/h) is more potent at CRF 1 and Ucn I is more potent at CRF 2 in stimulating cAMP (Hauger et al., 2003) . Thus, in addition to the specific ligand, the coupling of the respective receptors to their effectors and the site at which the endogenous receptors are expressed can all affect and define the potency of the ligand when function is used to measure outcome. We used CRF(r/h) and Ucn I, the endogenous ligands for CRF 1 and CRF 2 , along with selective agonists and antagonists for CRF 1 and CRF 2 to define CRF receptors and their synaptic actions within two limbic nuclei.
We investigated two different CeA pathways: the VAP-CeA provides afferent inputs from brainstem areas, whereas the BLACeA pathway carries intra-amygdala information (Alheid and Heimer, 1988) . Both CeA synapses exhibited an equivalent level of depression and an identical IC 50 . A CRF 1 -mediated depressant action of EPSCs within the CeA was based on its antagonism by the selective CRF 1 antagonists NBI 27914 or antalarmin (Fig. 4) . On the other hand, Ucn I (Fig. 3) , at concentrations 20-to 50-fold greater than CRF(r/h), facilitated glutamatergic EPSCs. Interestingly, Ucn I, unlike CRF(r/h), was more effective and potent in the VAP-versus BLA-CeA pathway (Fig. 3B ). Postsynaptic and presynaptic CRF 2 contributed to Ucn I facilitation because the selective CRF 2 antagonist, Ast 2 -B, blocked the facilitation of EPSCs induced by the selective CRF 2 agonist, Ucn II (Fig. 4 D,E) . Furthermore, Ucn I and CRF each increased the frequency of mEPSCs in the CeA (Figure 6 ). The differences in effective concentrations between ligands at the specific CeA synapses may be related to the relative abundance of a receptor type, the differential linking of second messenger systems, and different locations of receptors within a synapse (presynaptic versus postsynaptic). Figure 8 depicts a summary of our results.
We propose that during "normal" physiological conditions, termed "homeostasis" (Dallman, 2003; McEwen and Wingfield, 2003) , when lower endogenous CRF(r/h) concentrations may occur within the CeA, CRF 1 activation results preferably in depression of EPSCs. On the other hand, with higher concentrations of CRF-related peptides, both CRF 1 and CRF 2 will be activated. If the endogenous ligand or a drug preferred CRF 1 receptors, then depression of the excitatory drive from the VAP or BLA to the CeA would be expected because lower CRF 1 agonist concentrations result in maximal depression of EPSCs. If a ligand preferred CRF 2 receptors (Ucn II), however, then a mechanism to facilitate excitatory drive onto the CeA, especially its input from the VAP-CeA pathway, would be enhanced while simultaneously depressing EPSCs in the LSMLN (Fig. 3) .
Within the LSMLN, the effective concentration range for both CRF(r/h) and Ucn I was greater than CRF(r/h) but was similar to that of Ucn I in the CeA. This might be expected because the LSMLN exhibits the highest density for CRF 2 receptors in the brain (Chalmers et al., 1995; Li et al., 2002) . Furthermore, unlike the CeA, CRF(r/h) had no effect on mEPSC frequency or PPF, whereas Ucn I exhibited a lower effective concentration, reduced mEPSC frequency, and enhanced PPF; these latter data provide evidence for a presynaptic inhibitory CRF 2 . Activation of both postsynaptic CRF 1 (facilitation) and presynaptic and postsynaptic CRF 2 (depression) could cancel the effects of each. The higher effective concentrations required by either ligand in the LSMLN compared with the CeA could suggest that unless endogenous ligand levels are elevated, e.g., during stress, the role for CRFrelated peptides during normal physiological conditions within these two nuclei would be to depress excitatory transmission in the CeA.
Our data indicate that CRF 1 and CRF 2 receptors are colocalized postsynaptically in the LSMLN and that their selective or possibly mixed activation mediates conspicuously opposite actions (Figs. 3, 8 ). Dautzenberg and Hauger (2002) also depicted such a cellular colocalization. Cellular colocalization of different receptors for the same or similar ligand (e.g., another member of the CRF-related peptides) suggests that different second messenger systems and downstream proteins could be responsible for mediation of CRF-related peptide transduction mechanisms. Because our data indicate that excitatory glutamatergic synaptic transmission can be affected by the prevailing tone of the endogenous ligands at CRF 1 and CRF 2 receptors, an imbalance of CRFrelated peptide receptor tone within the LSMLN opens this modulation to possible regulation by various factors and environmental conditions. Because LSMLN neurons are linked directly to the CeA (Jakab and Leranth, 1995) , an imbalance within the LSMLN would also cause an imbalance in the CeA. Furthermore, CRF axons from the CeA project to the LSMLN (Jakab and Leranth, 1995) and would also modulate transmission within the LSMLN.
What might be the functional relevance of the concentrationdependent effects of CRF-related peptides in normal excitatory glutamatergic synaptic transmission and what is the source of endogenously released CRF-related peptides acting within the LSMLN or CeA? Importantly, anxiety-like behavioral and autonomic effects after centrally administered CRF are not dependent on CRF-induced HPA-released ACTH or corticosteroids, because these anxiety-related outcomes persist in hypophysectomized rats (Eaves et al., 1985) and in mice conditionally knocked out for CRF 1 (Müller et al., 2003) . Bremner et al. (1997) reported higher levels of CRF (137%) in CSF of patients diagnosed with chronic combat-related posttraumatic stress disorder versus CS-F-CRF in comparison subjects (100%). Subsequently, Vythilingam et al. (2000) concluded that in healthy humans, CSF-CRF represented CRF derived primarily from non-HPA CRF neurons rather than HPA-axis CRF neurons projecting from the paraventricular nucleus of the hypothalamus. These non-HPA-mediated modulatory actions may be caused by circulating CRF-related peptides (Rothman et al., 2002) , or may be the result of CRFrelated peptides released locally from neurons where it may be colocalized with a variety of transmitters, including glutamate (Sauvage and Steckler, 2001; King and Bishop, 2002) . In this extra-HPA role, CRF has been linked to stress (Dunn and Berridge, 1990) , fear (Koob et al., 1993) , and reward (Rivier and Vale, 1987) . Antagonists of these peptides infused into the amygdala block consolidation of fear memory (Liang et al., 1992; Roozendaal et al., 2002) . In general, activation of brain CRF 1 is associated with anxiogenic behaviors (Liebsch et al., 1995) , whereas activation of brain CRF 2 may be involved in coping behavior in stressful situations (Liebsch et al., 1999) . Radulovic et al. (1999) suggested that modulation by CRF 1 versus CRF 2 in learning and anxiety could be mediated by differential signaling.
Antagonism of CRF 2 in the lateral septum or CRF 1 in the amygdala reduces stress-induced behavior in the rat (Bakshi et al., 2002) . Furthermore, Yadin et al. (1993) suggested that the LSMLN and the amygdala are critical nuclei in the expression and control of emotions, especially those involving fear, depression, anxiety, reward, and stress. These data support the hypothesis that the opposing actions of endogenous CRF-related peptides on their receptors in these two limbic nuclei may act in concert to regulate these plastic adaptations of the CNS. Altogether our data implicate a role for CRF-related peptides to modulate or perhaps regulate synaptic excitatory glutamatergic transmission locally under both normal and stressful conditions and emphasize that the effects of CRF-related peptides are dependent on multiple variables, including the brain area, the synapse, and sites within a given synapse.
In summary, we show a novel and highly crucial role for CRFrelated peptides as "modulators" of in vitro excitatory glutamatergic transmission in two limbic nuclei expressing their receptors. In this modulatory role, the receptors would function to establish a "tone" or homeostasis for normal excitatory glutamatergic transmission that is finely controlled by the endogenous levels of the peptides. CRF-receptor activation by CRF-related peptides could also serve as a priming (Blank et al., 2002) or metaplastic (Abraham and Bear, 1996) mechanism to provide additional modulation of excitatory transmission, when needed. The synaptic homeostasis of these endogenous CRF-related peptides and CRF receptors may also play an important role in initiating, expressing, or maintaining cellular signaling processes that contribute to learning, memory, anxiety, and depression. Finally, therapeutic agents interacting with CRF-related peptides could contribute to reestablishing synaptic homeostasis when perturbed during stress, e.g., at "stressed synapses," or in the induction of various mental illnesses associated with stress. and CRF 2 within two limbic pathways. Tonic and phasic activation of CRF 1 or CRF 2 receptors regulates excitatory glutamatergic transmission positively by facilitation (green) or negatively by depression (red). Endogenous CRF peptides may be co-released from nerve terminals (intracellularly; CRF Peptides enclosed inside yellow retangle on nerve terminals) or be circulated and maintained in the extracellular space (CRF Peptides as unbound yellow rectangle and free in synaptic spaces), or both. Left (at CeA), CRF 1 located postsynaptically; activation leads to depression of EPSC amplitude. CRF 2 located presynaptically and postsynaptically; activation may lead to enhanced glutamate release and facilitation of EPSC amplitude, but end result also depends on level of CRF 1 activation. Right (at LSMLN), CRF 1 located postsynaptically; activation leads to facilitation of EPSC amplitude. CRF 2 located postsynaptically and presynaptically; activation leads to depression of EPSC amplitude, but result depends on net CRF 1 and CRF 2 effects. Tables below diagram (Left, CeA; right, LSMLN) summarize mEPSC and evoked EPSC data and suggest CRF receptor types mediating the respective results.
